We have examined the interactions of UvrABC endonuclease with DNA containing the monoadducts of 8-methoxypsoralen (8-MOP) and 4,5' ,8-trimethylpsoralen (TMP). The UvrA and UvrB proteins were found to form a stable complex on DNA that contains the psoralen monoadducts. Subsequent binding of UvrC protein to this complex activates the UvrABC endonuclease activity. As in the case of incision at pyrimidine dimers, a stable protein-DNA complex was observed after the incision events. For both 8-MOP and TMP, the UvrABC endonuclease incised the monoadduct-containing strand of DNA on the two sides of the monoadduct with 12 bases included between the two cuts. One incision was at the 8th phosphodiester bond on the 5' side of the modified base. The other incision was at the 5th phosphodiester bond 3' to the modified base. The UvrABC endonuclease incision data revealed that the reactivity of psoralens is 5'TpA > 5'ApT > 5'TpG.
INTRODUCTION
Nucleotide excision repair in Escherichia coli is catalyzed by a series of protein-DNA complexes (1). Using the pyrimidine dimer as a model lesion, it was demonstrated that the UvrA protein binds to W irradiated DNA (1,2). In the presence of UvrB protein, the UvrA and UvrB proteins form a tight protein-DNA complex on the DNA, probably at the pyrimidine dimer (1). UvrC protein binds only to the UvrAB-pyrimidine dimer complex and activates the UvrABC endonuclease which cuts the damaged DNA strand on both sides of the pyrimidine dimer. One incision is made at the 8th phosphodiester bond 5' to the 5' pyrimidine of the pyrimidine dimer. The other incision is at the 5th or 6th
phosphodiester bond 3' to the same 5' pyrimidine of the pyrimidine dimer (3, 4) . After the incision event, a stable protein-DNA complex persists on the W damaged DNA (1) and the pyrimidine dimer containing fragment is not displaced until the arrival of the UvrD (DNA helicase 11) protein and DNA polymerase I (5, 6) . DNA polymerase I then fills the 12 or 13 bases long gap created by the UvrABC endonuclease incisions (5,6). The continuity of the DNA strand is restored by DNA ligase (5,6). Psoralens are a family of photoreactive furocoumarins, planar 3-ringed heterocyclic hydrocarbon compounds, which have been used to treat skin ailments such as psoriasis (7). Since 8-MOP and TMP (Fig. 1) are the two forms of psoralens whose physical and medical properties are best documented (8,9), they have been chosen for these studies. Both psoralens, when appropriately intercalated into the DNA helix and in the presence of 365nm W light, react mainly with thymine bases to form thymine-psoralen monoadducts or thyminePig. 2. Diagram of the 117 bp and 168 bp fragments containing the lac p-o region. The bases numbered 10 and 90 as in Fig. 11 are labeled on each fragment. The solid triangle on the top strand of each DNA fragment represents a psoralen monoadduct which is equally likely to form in the same DNA sequence in each DNA fragment.
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psoralen-thymine interstrand DNA crosslinks (10,ll). The photoreactivity of 8-MOP is highly specific for 5'TpA sequences (12). Since 8-MOP lesions are known to be repaired by the UvrABC endonuclease system in E. coli (13), and psoralen can also be used to study the repair of DNA crosslinks, we have examined the mechanism of repair of 8-MOP and TMF' monoadduct lesions by UvrABC endonuclease in a way that can be directly compared with our previous studies with pyrimidine dimers. The UvrABC protein complexes during the repair of 8-MOP lesions as well as the bimodal incision of UvrABC endonuclease at 8-MOP and TMP lesions are reported.
MATERIALS AND PROCEDURES
Photoreaction of DNA with 8-MOP or TMP 8-MOP was used at a concentration of 25 pg/ml and TMP at 5 pg/ml, in a 50 pl solution of 40 pg/ml DNA, 10 mM Tris pH 7.6, 0.4 mM EDTA, 50 mM NaC1.
2
The DNA was irradiated in a glass tube at 13J/M by a 15W General Electric blacklight filtered through one inch of plain glass. The W dose was determined by a 5221 (W Products) W meter. After the photoreaction, the unreacted 8-MOP was removed with ethanol precipitation of the DNA followed by ethanol wash of the DNA pellet. For TMF' reactions, the higher affinity of TMP for DNA requires that two chloroform extractions be included before the ethanol precipitation step to assure consistent removal of noncovalently bound 
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50,000cpm/pg, prepared as described (1) (0) UvrA, B proteins were allowed 20 minutes preincubation at 37'~ to form the stable UvrAB-protein-DNA complex with the monoadducts in the DNA in the assay buffer before the addition of the 200-fold weight excess of pyrimidine dimer containing calf thymus double-stranded DNA. The amount of UvrAB-proteindamaged DNA complex formed under these conditions is about 50% of the fd DNA in the assay. The incubation continued for another 5 minutes at 37'~ and then UvrC protein was added to initiate the incision reaction. Samples were taken at the times indicated after the addition of the UvrC protein.
TIME (minutes)
Fig. 6. Post-incision protein-DNA complex of UvrABC endonuclease with 8-MOP monoadduct-containing fd DNA. Twenty fmol of fd DNA containing four monoadducts per molecule were incubated with 500 fmol each of UvrA and UvrB proteins and 100 fmol of UvrC protein at 37'~ in the nicking assay buffer.
(A) An average of one monoadduct per fd molecule was incised in about 5 minutes. The incision incubation was continued for 240 minutes which is 10 times longer than necessary for all the monoadducts to be incised. That the UvrABC endonuclease was active during this period was demonstrated by its ability to rapidly act on an extra 20 fmol of labeled monoadduct containing fd DNA added at either 120, 180 or 240 minutes (0). (e) The non-damage-specific nicking of the fd DNA under the same conditions. (0) The presence of high affinity protein-DNA complex was followed by the filter binding assay. The amount of non-damage-specific binding of fd DNA in this experiment was 2 fmol. labeling strategy was previously described (3). The analyses of the DNA sequencing gels to obtain the UvrABC endonuclease incision patterns were as described (3). The use of Tq polynucleotide kinase to label the 5' termini and the use of Klenow fragment to label the 3' termini were as described (18). DNA Sequencing Reactions respectively. Lane 6 is a control reaction of UvrABC endonuclease digestion of the undamaged DNA fragment. Lane 7 is a control reaction of the psoralentreated DNA without UvrABC endonuclease. Fig. 8 . UvrABC endonuclease incision of TMP modified DNA fragment. The 117 bp lac p-o fragment was labeled at the 3' termini by filling in with the Klenow fragment as described ( 3 ) , reacted and analyzed as described for the experiment in Fig. 7 . The labeling of the lanes is the same as in Fig. 7 . The fuzzy band across lanes 5-7 near base number 43 was an artifact from our 3' labeling.
Formation of UvrAB-Monoadduct Protein-DNA Complexes on fd DNA UvrA-UvrB proteins can form a stable protein-DNA complex on pyrimidine dimer containing DNA (1). Because this damage dependent complex is stable in 1M NaCl or 50 mM EDTA at ~O C while the protein complexes of UvrA or UvrAB on undamaged DNA are not, it is possible to remove the non-damage dependent protein-DNA complexes by terminating the binding reaction with the addition of Nucleic Acids Research Fig. 9 . UvrABC endonuclease incision of TMP modified DNA fragment. The 168 bp lac p-o fragment was labeled at the 5' termini with Tq polynucleotide kinase as described (3), reacted and analyzed as described for the experiment in Fig. 7 .
The labeling of the lanes is the same as in Fig. 7 .
5 ml of 2xSSC (0.3M NaCl, 0.03M trisodium citrate) at 4OC before collecting the damage-dependent complexes on the nitrocellulose filter. As seen in Pig. 4, the formation of UvrAB-monoadduct dependent protein-DNA complex was dependent on the amount of psoralen lesions on the DNA as well as the amount 168 bp lac p-o fragment was labeled at the 3' termini by filling in with the Klenow fragment as described (3)' reacted and analyzed as described for the experiment in Fig. 7 . The labeling of the lanes is the same as in Fig. 7 . The band across lanes 5-7 near base number 43 was an artifact of our 3' labeling procedure.
Pattern of UvrABC Endonuclease Incision of DNA-Containing; Psoralen Monoadducts
The pattern of UvrABC endonuclease incision at TMP monoadducts was examined using the same lac p-0 DNA sequence which previously facilitated the analyses suggest that the order of reactivity with these two psoralens is 5'TpA > 5'ApT > 5'TpG.
Comparison of the Photoreactivity and UvrABC Endonuclease Repair of 8-MOP and T W -As seen in Fig. 12 , the UvrAEC endonuclease incision patterns of DNA damaged with both psoralens were essentially the same except for minor differences in intensities for some bands. These minor differences in intensities are probably due to the effect of local DNA sequence variations on the reactivity of each psoralen. The relative amounts of interstrand crosslinked DNA seen at the top of the gel, labeled XL, shows that similar extents of photoreaction occurred for both the TMP and the 8-MOP reactions. Since UvrABC endonuclease does not incise DNA crosslinks efficiently (unpublished data), we do not think that the conditions of these experiments provided the sensitivity necessary for scoring UvrABC endonuclease incision of interstrand crosslinks.
Noticeably different in the UvrABC endonuclease incision of the monoadduct lesions of the two psoralens is the unusual incision observed for TMP modification at the thymine at position 66 of the top DNA strand in Fig. 11A mentioned above. The majority of the UvrABC endonuclease incision for this 8-MOP modified base were at the usual 8th phosphodiester bond 5' to the modified base instead of the incision seen for TMP modification at the 9th phosphodiester bond 5' to the same modified thymine. A plausible explanation is that DNA sequences modified by bulky adducts may exist in an unequal equilibrium of more than one conformation, and sometimes more than one of these conformations can be recognized by the UvrABC endonuclease. This may be similar to the incision by UvrABC endonuclease at the 3' side of a pyrimidine dimer where the incision can be either at the 5th or the 6th phosphodiester bond from the 5' pyrimidine of a pyrimidine dimer (3). We believe that this unusual 5' incision is not due to repair of psoralen interstrand crosslinks that might form at this thymine base because (a) the site is a 5'ApT sequence which does not favor crosslink formation and all other sites which favor crosslink formation showed the normal UvrABC endonuclease incision pattern, (b) the 3' incision at this base was normal, (c) the 5' incision at the same base modified with 8-MOP was normal. 
